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Preface
It is a little known fact that Sir Joseph John Thomson (1856 Thomson ( -1940 , who discovered the electron more than a century ago, also made an exciting discovery on the asymmetric pattern of electric lines of field of an accelerated electron which is associated with electromagnetic radiation. Nearly a century later, while wandering on the premises of Pembroke College of Cambridge University, whose walls face the street leading to the site where the electron was discovered; it occurred to one of us (DS) that the asymmetric electric lines of field of an accelerated electron essentially represent broken symmetries of the electric field and radiation is the non-conserved Noether current emerging out of the charge centre. Thus, the idea of explicit symmetry breaking of an electrodynamic system and electromagnetic radiation was born. The book illustrates the theme in detail along theoretical and empirical lines.
The concept of symmetry originated in architecture, evolved to take novel meanings in mathematics and currently embodies the central unifying theme in physics through its relationship with conservation laws. Transformation of symmetries of physical systems, technically referred to as symmetry breaking, has offered new insights in discoveries of physical phenomenon ranging from ferromagnetism and superconductivity in condensed matter physics to the generation of mass in high particle physics through the Higgs mechanism. Despite all these developments, the ideas of symmetry breaking have not been applied in the context of classical electromagnetism and related engineering applications. The key objective of the current work is to unravel the beauty and excitement of this area to scientists and engineers which would have wide ranging ramifications.
The book starts with a brief background on the origin of the concept of symmetry and its meaning as applied in the fields of architecture, mathematics and physics. In the next section, the relationship between symmetries and conservation theorems has been introduced with a minimum level of mathematical rigour. This is followed by a gentle introduction to the concept of symmetry transformation or symmetry breaking. A special emphasis is towards quantum field theory where a slight level of mathematical rigour is introduced for the interested reader.
The next section of the book is focussed on symmetries in electromagnetism and explicit symmetry breaking in the context of radiating electrodynamic systems like antennas. Following this, a chapter is dedicated to the operational aspects of dielectric antennas and how the idea of broken symmetries is used to explain its working. A section is on recent work done by our colleagues in Cambridge on radiation from superconducting loops under explicit symmetry breaking.
After reading the book, the reader would develop a broad insight about symmetries and symmetry breaking and should be in a position to apply the knowledge in other fields of endeavour where the sky is the limit! ix
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Introduction
Symmetries are integral aspects of nature and natural phenomena. The Sun and Moon appear disc shaped to the naked eye and closely resemble a sphere in physical shape. The horizon appears round, representing the outline of the Earth's spherical silhouette. The heavenly objects follow a symmetrical path-there is day after night and night after day; the seasons follow a periodic pattern, where the rains follow prolonged dryness and are then followed by dreary winter and spring; and low tides follow high tides as time flows. Symmetry is inherently expressed in all living beings with variegated forms and nuances. The corolla of a flower follows a geometric symmetry (figure 1.1). Symmetry is also present in patterns on snowflakes (figure 1.2), where spherical droplets are condensed together in a certain shape, often resulting in sixfold radial symmetry. Symmetries are also observed in sand dune shapes, shell patterns, bird feathers and organ shapes, which are all beautiful examples of symmetries. Symmetry in crystals is well-known and primarily determines the structure of the majority of solids. For example, quasi-crystals are special kinds of crystals made of symmetric patterns that do not get repeated ( figure 1.3) . Symmetry is seamlessly intertwined with the laws of nature and almost all natural phenomena can be correlated to some kind of inherent symmetries. The pattern of potential energy in gravitation or electromagnetism has some kind of symmetry. For example, the contours of potential around a charge have rotational symmetry ( figure 1.4) .
Despite the reflections of symmetry manifested in multiple forms and dimensions in nature, symmetry and symmetry breaking are seamlessly intertwined. The beautiful patterns of petals in flowers disappear, fading away spontaneously with time, along with their sweet fragrance. Ordered states spontaneously break down into states of disorder and entropy increases; living beings are born, grow old and eventually die and disappear, never to be seen again. Snowflakes melt and disappear. Time flows in a unidirectional manner. The universe expands and irrevocably changes the curvature of space and time, breaking the existing symmetry.
Symmetry and symmetry breaking in nature inspired the major foundation of 20th-century physics. It was Pierre Curie who first stated the importance of symmetry: 'When certain causes produce certain effects, the elements of the symmetry of the causes must be found in the effects produced' [1] . In other words, Curie proposed that in a physical phenomenon, the elements of the symmetry of its cause are also present in the resulting effect. In a further argument, he proposed that 
the asymmetry associated with an effect is also present in the cause. The generality of the statement made by Curie lost its value in science, where a formal mathematical definition or related models are considered important. However, it cannot be denied that Curie's ideas cast their reflections on future work in the field of symmetry and symmetry breaking.
In 1915, Emmy Noether proposed the relationship between symmetries in physical systems and the conservation of some associated physical quantities, which came to be widely regarded as the Noether theorem [2] . Put simply, the Noether theorem states that for every symmetry there is a conserved physical quantity. For example, in mechanics, the symmetry or invariance of energy with the passage of time is associated with conservation of energy. Similarly, the symmetry or invariance of the system's Lagrangian is associated with conservation of momentum. In electrodynamic systems, the symmetry of the electromagnetic field is expressed through gauge invariance which is associated with charge conservation [3] . These ideas have wide-ranging implications and deep ramifications for all the branches of physics. Today, it is widely believed that the quest for new laws and phenomena in physics is basically the quest for symmetries.
The study of symmetries in physical systems evolved over decades, leading to the discovery of the phenomenon of spontaneous symmetry breaking in the 1960s. The initial work was done by Yoichiro Nambu in the context of condensed matter physics, where he pointed out that the formation of Cooper pairs in superconductors is a case of spontaneous symmetry breaking-of the corresponding electromagnetic gauge symmetry [4] . The concept was put into a rigorous theoretical framework using scalar functions by Jeffrey Goldstone, a professor of physics at the University of Cambridge, who first proposed that for every spontaneous symmetry breaking, massless and energyless particles with even spin (called bosons) would be generated [5, 6] . These bosons are called Nambu-Goldstone bosons. Although these bosons have never been observed in accordance with the initial prediction by Goldstone in high energy physics, the theorem, with some modifications, has nonetheless been applied in various contexts. For example, Peter Higgs postulated that with spontaneous symmetry breaking of the local symmetry, the Goldstone bosons would acquire mass, resulting in massive particles; these came to be called the Higgs boson [7] or God particle, and were discovered in 2012 [8] . It is worth mentioning that Higgs had met Goldstone during a brief fellowship at CERN in 1965 and became fascinated by the concept of spontaneous symmetry breaking. Perhaps as a tribute to and an acknowledgement of the work of Jeffrey Goldsone, he named his Nobel prize lecture in 2012, 'Evading the Goldstone theorem'.
A related form of symmetry breaking is called explicit symmetry breaking, where the symmetry is broken in an explicit manner by external forces. Here, the ground state of the system in symmetry breaking is unique and the system's dynamic equations are not invariant [9] . Recently, a close relationship between electromagnetic radiation and the explicit symmetry breaking of electrodynamic systems was discovered [10] . In electrostatics, isolated charges have electric lines of field directed away from the centre of the charge in radial directions [11] . When the charge is briefly accelerated, the existing symmetry of the electric lines of force is explicitly broken.
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The result of the acceleration is that the electric lines of field lose their rotational or spatial as well as temporal invariance. This symmetry breaking of the electric field under acceleration results in electromagnetic radiation.
Radiation from an electrodynamic system under explicit symmetry breaking, which is the central thesis of the book, offers a completely new perspective and a unified approach towards understanding the mechanism of radiation from diverse kinds of antennas-dielectric, piezoelectric, metallic wire or simple inductor-capacitor.
The concept of radiation under explicit symmetry breaking also helps in understanding the mechanism of electrodynamic systems, where, despite the radiation of electrons, there is no electromagnetic radiation, which is cancelled as a result of the symmetry of the system. A two-wire transmission line is one such case, where excitation fed by a time-varying voltage source does not result in electromagnetic wave emission despite electron acceleration, as the electric field lines have symmetry, i.e. invariance, along the spatial direction between the transmission lines. But when the wires are flared or opened up, there is a change in the shape of the electric field lines, i.e. symmetry is explicitly broken, resulting in radiation with an associated non-conserved current, which is emitted from the system.
The idea of explicit symmetry breaking found inspiration from some early work performed in the field of antennas. During early wireless technology experiments in 1895 at Salvan, Switzerland, Guglielmo Marconi found that by raising the transmitting wire vertically on the ground, the sensitivity of the system increases. In Italian, a tent pole is called l'antenna centrale. Marconi used the Italian word for pole to describe the radio transmitter and the word found wide use after the success of his transatlantic experiments on wireless communication. In Marconi's experiments, the wire or antenna was fed along only one of its terminals, and the other terminal was left floating in free space. The configuration allowed explicit symmetry breaking of the electric field, which resulted in radiation.
The concept can also be used to understand the phenomenon of radiation from dielectric resonator antennas, whose mechanism of operation was not clear until recently. The existing mathematical models talk about the operation of a dielectric resonator antenna from the perspective of a leaky waveguide. According to this model, a time-varying voltage source feeds the waveguide, which results in excitation of the electromagnetic modes in the waveguide, leading to leakage of radiation. The key problem with this model is that the fundamental issue of the transformation of time-varying current into electromagnetic modes is completely neglected. A leaky waveguide like a horn antenna does not radiate electromagnetic waves under timevarying excitation. It needs a feeding antenna, which transforms the input excitation into electromagnetic radiation, which leaks out of the system.
The operation of dielectric antennas can be understood from the perspective of explicit symmetry breaking of the electric field. A dielectric antenna mounted on a ground plane has a finite value of capacitance. The ground plane has some inductance. When electrical excitation is fed to the dielectric antenna on a ground plane, at a fundamental level, power is fed to a capacitor-inductor circuit in an asymmetric manner, which results in electromagnetic radiation. The concept can also be applied in the context of radiation from piezoelectric material-based thin film antennas.
Most electronic devices have a finite ground plane, which provides a common reference ground for voltage in them. No electronic device with a common ground plane is possible in practice. So, the concept of asymmetric excitation to capacitive antennas can be leveraged to design antennas which can be integrated with general electronic devices like television sets, mobile phones and LAN devices. As capacitive elements can be made using conventional semiconductor fabrication technologies, the idea can be used to develop antennas on a chip. It is worth mentioning that this would not result in miniaturisation of the entire antenna system. However, miniaturisation of the capacitive element of an antenna could certainly result in an overall size reduction.
Symmetry expresses itself along multiple dimensions of the convoluted and complex matrix of nature's expressions. It is inherently present in animate as well as inanimate objects. A more detailed investigation of the subtle aspects of symmetry and its transformations under different conditions will be pursued in the next couple of chapters.
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Chapter 2
Symmetries and conservation theorems
Symmetry: a brief historical introduction
The word symmetry originates from the Greek word symmetria, which essentially means agreement in dimensions. Symmetria was first used in a treatise on sculpture, the Canon of Polyclitus, where it implied commensurability [1] . It was postulated that the key to achieving beauty and artistic perfection lies in the mutual commensurability of the constituent elements of a statue, as well as the complete structure. These ideas were further elaborated by Galen, a 2nd-century Greek physician and philosopher based in Rome, in support of Polyclitus:
Beauty, Chrysippus [a Stoic philosopher] feels, resides not in the commensurability (symmetria) of the constituents (i.e. of the body), but in the commensurability of parts, such as the finger to the finger, and of all the fingers to the metacarpus and the wrist (carpus), and of these to the forearm, and of the forearm to the arm, in fact of everything to everything, as it is written in the Canon of Polyclitus.
For having taught us in that treatise all the symmetriae of the body, Polyclitus supported his treatise with a work, having made a statue of a man according to the tenets of his treatise, and having called the statue itself, like the treatise, the Canon [2] .
The meaning of the word symmetry went through a process of transformation from an aesthetic angle to an architectural one in the 18th century, when it came to be associated with images of structural balance in buildings, and then it further evolved into its modern association with the invariance of mathematical quantities [3] . A detailed discourse on symmetry was presented in a book by Vitruvius published in the 1st century BCE [4] . According to Vitruvius, 'symmetry is the appropriate agreement of the elements of the work itself, a correspondence [responsus], in any given part, of the separate parts to the entire figure as a whole. Just as in the human body, there is a symmetric quality of eurhythmies [symmetros est eurythmiae qualitas] expressed in terms of the cubit, foot, palm, digit, and other small units, so it is in perfect works [of architecture]' [4] .
Claude Perraut, a French scholar, was commissioned by Jean Baptiste Colbert to translate De Architectura into French so that a new observatory could be constructed. In the process, Perraut gave a new meaning to symmetry. Perraut wrote:
For our symmetry is properly the equality and the parity which is found between opposite parts, that is, if one makes, for example, an eye higher or larger than the other, or columns closer together to the right than to the left, or [their] number or size is not the same [to the right and to the left], one says that it is a defect of symmetry according to us [à nostre mode]: rather than, if a capital [of a column] is larger or a cornice protrudes more than the rules of order for a column allow, this is a defect of symmetry according to the ancients [5] .
He further wrote [5] , when they are all of an equal height and equal breadth; and that their Number and Distances are equal to the Right and the Left; so that if the distances be unequal of one side, the like inequality is to be found in the other.
Thus, Perrault defined symmetry in terms of the correspondence between two entities with respect to some axis. It gave a new meaning to the usage and interpretation of symmetry, one that is close to the modern comprehension and interpretation.
The initial use of symmetries in architecture continued to be reflected in ancient, medieval and modern structures. Figures 2.1-2 .3 illustrate structures inspired by symmetries from ancient, medieval and modern times. In addition to enhancing the aesthetic value of structures, symmetries also increase the dynamic stability of the system and increase its longevity. Figure 2. 4 is one such instance of symmetry in the design of modern bridges which are arch shaped. Many of the large symmetric structures have survived the ravages of time and events like earthquakes, floods and typhoons because of the ability of a symmetric structure to distribute stress. The concept is also used in simple designs, for example for manholes, which are round in shape. It is also reflected in the window design of ships (figure 2.5) and elevators (figure 2.6).
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The concept of symmetry in the architecture of Vitruvius, also had an impact in art and the most notable instance is L'Uomo Vitruvian or the Vitruvian Man, a drawing in pen and ink by Leonardo da Vinci which dates to 1490 and is kept in the Gallerie dell'Accademia of Venice in Italy [6] . It portrays a superposition of a man's figure in two different positions with arms and legs stretched out ( figure 2.7) . The whole image is inscribed in a circle and square. The drawing and accompanying text from the work by Vitruvius are referred to as the Canon of proportions. 
